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We report final results of a series of measurements 

Of cent inuum dimoon production in proton-nucleus 

collisions at Fermilab. New results with sir times more 

statistics are included. A full descrlptlon of the 

apparatus and methods used in the analysis of this series 

of measurements is given. The sea quark distribution of 

the nucleon is determined within the context of Drell-Yan 

and QCD descriptions of dilepton production in hadron 

collisions. 
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In the past 10 years advances in the constituent theory of 

hadrons have been paced by developments in three l rpcri&cntal 

areas: InelaLtic lepton-nucleon scattering (uslng es, uf , and v’s), . 

c+e- annihilation, and dilepton production ln hadr,on-hadron 

collIslo”s: 

hl + h2*L + t t- + anything. (1) 

Reactlon (1) has been further exploited to find new massive 

resonances (J/y, Tl in addition to probing the details of hadronlc 

substructure In a manner vhich Is complementary to the scattering 

approach. This paper Is based upon proton-Induced-dlmuon research 

carried out at Permllab In 1977-78. We summarize the srevioualy 

published results i-’ and present a final analysis reprejentlng a 

l lsfold Increase in data. Extended descriptions of the apparatus, 

systematic effects, and corrections are also given.‘ We concentrate 

here on the continuum of massive u+u- pairs produced as In Eq. 1; 

our final results on the T family of resonances observed via their 

decay to the “‘P- final state have been publlshed elsewhere.’ 

The data discussed in this paper are divided into three sets: 

I. 400 CeV incident proton energy, Summer 1977; II. 200/300 GeV, . 

Fall 1977; III. 400 GeV, Winter 1978 IHigh Intensity). In 

addition, ve vi11 present some previously unpublished dielectron 

data taken in 1976-1977. 
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Analysis of the data from Reaction (11 has been carried out 

using the ~rcll-Yan parton-antiparton annihilation model: vh ich 

vas proposed to describe the first such data obtained at the Brook- 

haven AGS. ’ In this model a quark (antiquark) constituent in a bean 

nucleon. and an antiquark (quark) constituent In a target nucleon 

l nnlhIlate via a virtual photon Into a lepton pair. The remaining 

quarks go off Into the -anything’ of Eq. 1. fhls Is shown 

l chcmatlcally in Fig. 1. Thur the cross section for producing a 

dllcpton of mass m is proportional to a sum of terms of the torn 

f(Xl) Pb,) (2) 

where f(Xl/X (7(X)/X) 11 the probabfllty to find a quark 

(antiquark) bearing the fraction x of the hadron’s momentum. 

Annihllatlon klncratlcs give 

2 
, s l /a -x1x2 (3) 

where s is the nucleon-nucleon center of mass energy squared. The 

structure functions f and r also appear In lepton scattering. The 

dllepton data therefore test the consistency of the model. Wore- 

over, In dilcpton production the antlquark distributton (a q easu~c 

of the quark-antiquark sea) appears as a multIplicativc factor in 

the product rather than aa an additive term (as in lcpton-nucleon 

scatterinb) and so is more rcnsltlvely measured. The detailed 

expression for the cross-section Is: 

.4 * 
d.l 

.Q-Et r 
9 I 

ef jj~sbdst(f~fxbl?~ (x,) - 

‘f;(=b)f; (x,1 6( 1 z-xbxt) 3 (0 
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where t : target nucleon, b 5 beam nucleon, and e, 3 charge of i th 

quark. The sum Is over the quark flavors u, d, 5, c etc. except 

that it is customary to neglect the c and heavier quarks because of 

their was. Equation (0) contains the concept of scaling, i.e. 

m4 a0 depends only on I. There is an important factor of 3 
da2 

decrease in the cro.. section due to the color degree of freedom. 

This is one of the very few places where one can -see. this hidden 

quantum number, and it. testing in this reaction could provide an 

important confirmation of the color concept. The test clearly 

Involve. an sppeal to the lepton scattering dat. for normalized 

.tructure function. f, f u(x), fd: d(x), f, : s(x), 2, z ii(x) etc. 

in the s.me kinematic regions and . prescription for how to go from 

rpacelike Q2 to timelike m2. 

Dilepton production has more recently come in for great 

theoretic.1 attention because of two observed festures which .rc 

not Included in the Drell-Yan model: i) the dileptons have trans- 

wer.. momenta which .re much larger than the typical hadronic pT of 

300 I!cV/c’ and 11) the nucleon structure functions,measured in 

muon-nucleon scattering,‘* violate scaling. These developments .re 

understood withln the context of Quantum Chromodynaric. (QCDI, . 

quantum field theory of quark-quark interactions. In this theory 

quark. .nd sntiquarks coupled by neutral vector particle. (gluonsl 

.CC the fundamental constituents of the hadrons. The modification 

of the Drell-Tan model by the additional diagrams of QCD has 

occupied . substantial fraction of the liter.ture.ll-** The reason 

18 two-fold: i) dilepton data provide a testing ground for 

perturb.tlve c.lcul.tions in the new theory, and ii) the data ma, 
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permit en overdetermination G: parameters which are not as yet 

fixed by the theory. We shall return to these issues after . 

lengthy excursion into experimental ffi.tters. 

Il. EIPERIHENTAL DETAILS 

A. General 

The experiment measures the vector moment. of two opposite 

rign leptons emerging from the hadronic collision:%+ andb-. From 

this, the relevant kinematic.1 quantities may be deduced. 

Assuming[$,/,l s-1 >a m )r (m,, E mass of the muon) 

2 - Z(F$P- 1 (l-ax ( 8 +- 1) 

y - l/2 Ln E* + P; 

EC - 4 
(7) 

. 
uherc 8+-, P 

II 
, end E* are the angle between the two muons in the 

l.bor.tory, the dimuon longltudinel momentum and the dimuon energy 

in the nucleon-nucleon center of mass (cm) system respectively. 

rhe cm rapidity y is related to the Bjorken x variables defined in 

pig. 1 in the following manner: 

*2 - /r e-y (8) 
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We note that these relations are strictly valid only in so fsr .Z 

I >apT : dimuon transverse momentum and fi>> q ,, z nucleon m.ss. 

8. Desiqn Crlrerla 

We wished to measure the lepton pair continuum out to the 

highest possible masses, and also to be sensitive to rsssive 

resonances. To Improve on previous continuum me*sureme,nts we 

l-12 needed to be sensitive to cross-sections less than 10 of the 

tot.1 proton-nucleon cross-section, and therefore to take l large 

Incident beam flux and to withstand high counting rates in the 

.pp.r.tus. Good mass resolution w.s particularly importsnt for the 

re.on.nce search; good resolution in other varisble. minimized 

corrections to the observed data. Since massive object. tend to be 

produced at rert oc moving slovly in the collIs.ion rest fr.me, we 

chose to view the collision at 9D*, thus avoiding the huge hadronic 

flux .t O* and 180*. 

We h.d the choice of detecting muons or electrons. Huons can 

be distinguished from the copiously produced hadrons by their 

hlghly penetrating ch.r.cter; electrons, by their electromagnetic 

.hovering properties. The maln background in a muon experiment is 

muons from the decay of pions .nd kaono produced in the target. To 

‘uppress this it A. necessary to place m.teri.1 lrmnediately doun- 

.tre.m of the target to absorb these particles before they c.n 

decay. The advantage over electrons i. that the particle Llur i. in 

principle lowered by . factor of up to 10’ by the h.dron .bsorb.r, 

l llowing * corresponding incre*se in be.m inten. ty. The 

dis.dv.nt.ge Is that rc.ttering of the muons in the h.dron absorber 
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degrades knowledge of their production angles. thus worsening 

resolution. Electron pairs vere detected in the earliest arrange- 

ment. ’ A preliminary muon experiment was performed in 1976’ using 

sn apparatus very similar to that of the electron experiment. 

Insertion of beryllium hadron absorber for the muon test run 

lovered counting rates in the apparatus by a factor of about 4, 

rather than 10’. Hadronic cascades in both the beryllium and the 

forvard beam dump generated large numbers of low energy muons which 

contributed random singles rates in all detector planes, preventing 

l large increase in the proton beam intensity. 

The experience gained allowed us to optimize the design of the 

present l rprrlment, improving both sensitivity and resolution. The 

crucial regions around the target and beam dump were redesigned to 

ainiaire the decay muon flux: this decreased the rate per incident 

proton by about a factor of ten. We had also noted from the 

previous experiment that the muon’ flux did not decrease rapidly 

with distance from the magnets. Therefore the acceptance vas 

enlarged without Increasing counting rates by moving all detectors 

closer to the target and analyzing magnets. Acceptance was also 

galned by permitting bends of either sign in each spectrometer arm. 

Thcae improvenents permitted an overall increase in data taking 

r*te of more than a factor of sixty over the previous nuon 

experiment. 
1 
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c. Apparatus Overview 

The apparatus (shown in Fig. 2) was a twc-arm magnetic spec- 

trometer viewing the proton-nucleus collision from opposite sides 

*t-90* in the proton-nucleon center-of-momentum system (CHS:. Each 

arm covered s solid angle of 0.2 sr. in the CHS and consisted of 

hsdron absorber, tvo magnets, scintillation counters, and nultivire 

proportional chambers (MWPC’sl. The magnets deflected charged 

particles verttcally and in opposite directlons, so that if the 

first (air gap) magnet deflected positive muons up, say. the second 

(solid steel) magnet deflected them down. Each arm was symmetric 

about . horltontal piane end accepted both positive and negative 

nuon* equally. 

To maximize the amount of beam we could accept, ve placed no 

detectors upstream of the air gap magnet where counting rates were 

at least an order of magnitude higher than downstream. The momen- 

tum was computed from the measured trajectory dovnxtreaa bZ the air 

magnet by assuming that the ““deflected track pointed back to the 

t*rget. The inaccuracy of this assumption due to multiple scstter- 

lng in the hadron absorber resulted in a r.m.a. momentum 

resolution of 2t. 

The spectrometer apertures vere vlde horizontally and short 

rerticallg. The fields in the tvo air gap magnets vere oriented 

along the long dinenslon of the gaps. The muon production anqlea 

were thus measured primarily in a plane perpendicular to :he plane 

of magnetic deflection. This decoupling of the productlon angle 

mea8ucement from the moaentur,measurenent had important advantages 



over the more usual magnet design in which the field is oriented 

along the short dimrnsioh. First, the copious low monantum muons 

wete swept out of the spectrometer, rather than being swept across 

the aperture into the other arm. Second, events originating in 

upstream vacuum windows oc in the beas dump could be rejected by 

projecting the track back to the target in the horizontal plane. 

In order to suppress backgrounds, the apparatus was designed 

with a conslderable amount of redundancy. The momentum of the muon 

was redetermined to I 158 by measurement of the deflection in the 

steel magnet. This helped to reject low energy muons which 

simulated high momentum muons by traversing the sic magnet along 

strange trajectories involving scattering from pole pieces, return 

yokes, etc. Another handle on backgrounds was provided by the mid- 

magnet (t4M) l4WPC which verified the muon position In the middle of 

the air magnet. A gas Cerenkov counter fllled with nitrogen 

provided a 4 GeV muon energy threshold, as did the energy loss in 

the 1.8 m of steel.magnet and 1 m of steel further dovnstream. At 

full current the magnets provided a 15 GeV threshold for partlcles 

traversing all the detectors, but the Cerenkov counter and addi- 

tional steel were still useful in eliminating cectain classes of 

-junk’ trlggcrs such as accidental coincidences of low energy muons 

upstream and downstream of the steel magnet. 

The detector system included both scintillation counters 

and multiwire proportional chambers (HWPC) at most positions after 

the snaly zing magnets. Counters were used to create the event 

trigger; matrix logic requirements for counter hodoscopes in both 

the bend and non-bend planes pl-ovided crucIa1 reductions in the 

trigger rate. 
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The external beam at Fermilab arrives in bursts (RF buckets) 

of abput 1 nsec duration and separated by 18.9 nsec. Resolulion of 

single buckets is easily achieved with scintillation counters but 

proportional chambers integrate over two or three buckets. The 

scintillation counter hodosccpes vere therefore also used to 

eliminate out-of-time chamber hits during the off-line Se,construc- 

t ion. 

0. Detailed Description 

The apparatus is here described in detail proceeding from 

upstream to downstream. 

1. Beam line 

The experiment (E288) WAS performed in the Proton Center pit 

of the Fermi National Accelerator Laboratory. A smsll fraction of 

the extracted prfmary proton be&was brought to the Proton Center 

pretarget area by Switchyard and Proton Area magnets mostly not 

under our control. The protons were steered and focused onto our 

target by tvo dipole and five quadrupole magnets which we could 

control using the MAC beam line computer system. We were able to 

focus the beam to A spot 0.03 cm by 0.08 cm hlgh (IWIIM as measured 

during the CFS hadron psir experimcntl’I. The horizontal and 

vertical beam profiles .7 m upstream of our target vere measured by 

0.5 am spacing separated-wire ionizstion chambers iSHIC) provided 

by Permilab Research Services. A secondary emission monitor (SM) 

WAS used to measure the bean intensity. 
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2. Tars box -- -- 

The target box (Fiq. 31 was a large helium-filled enclosure 

containing ten draverc, on vhlch WIP mounted the target holder, 

beam dump. and part of the hadron absorber. The drawers were 1’ 

sgusrc in cross-section and were arrayed five across and two deep; 

they slid in and out on rails. Surrounding the target box vas A 

16’-thick layer of steel to shield against radioactivity. 

3. Targets 

Four different targets vere used. The targets were thin 

vertical strips of metal with A horizontal width of about 1 mm. 

This defined the horizontal Interaction posltion precisely and slso 

minImIred the scattering oL outgolnq muons. The verticsl sire of 

the InteractIon region YAS determined by the natural beam height of 

about 2 mm. Host of the data vere taken with either al.S7cm-long 

platinum target or A 10 cm-long Cu target. These tAr9ets “ere 

chosen in order to maximize the r&lo of signal to single count 

CAtCs, sfncc the massive lepton pair slgnal had been measured to 

here in approximately linear nucleon number IA) dependence while 

the singles rate presumably goes AS A 2’3 (see Section III FJ.3b 

belov). During the date teklnq to measure the A-dependence, we 

l ltcrnetcd frequently between the platinum target and A 10 cm-long 

beryllium target. The fourth target vas the 7 cm-long copper 
1 ’ 

tArqet, which WAS used durlnq .a small fraction of the run. The 

targets were mounted in A holder which could be translated 

horizontally (transverse to .the beam direction) by means of A 

stcpplnq motor under computer control. Target parameters ARC g-lvcn 

in Table 1. 
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4. Beam dump 

Typically 308-50% of tt,c beam interacted in the target; the 

rest WAS absorbed in a water-cooled beam dump. The dump began 210 

cm downstream of the center of the target. It consisted of 1EO cm 

of Hallory 1000 Hevimet (90% tungsten, 68 nickel, 4% copper) 

followed by 6’ of steel. h cone of Revimet extended 90 cm upstream 

to reduce the decay path for hadrons produced at small angles. but 

it had A 2.5 cm-square hole in its center to allow the unscattered 

beam to pass through. Hevimet was used for its short hadronic 

absorption length (11 cm), vhich minimizes decay of pions and kaons 

and also minimizes transverse spread of the hadronic shower and 

hence leakage of particles out of the dump into the aperture. 

5. Targeting monitors 

The fraction of the beam intercepted by the target wee monl- 

tored by two different method:. A 2.5 cm-diameter hole in the steel 

shlcldinq directly above the target provided a decays space for 

hadrons emitted upwards, and the resulting muon flux was viewed 

(after penetration of the concrete pre-target area roof and some 

dirt) by A four-element scintillation counter telescope called the 

90° monitor. Thls WAS our main targeting fraction monitor. The 90° 

non1 tar YaS somewhat sensitive to interactions in the dump: 

typically the ratio of Its -target in’ to ‘target out- counting 

rates WAS about 4. A second targeting monitor was A single-wire 

proportional tube counter called the tube monitor! it viewed the 

target from the large angle side of the aperture in one ACI and had 

l terget in/target out retie similar to that of the 90° monitor. 
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6. Hadrcn absorber 

In the laboratory rest frame each spectrometer arm covered+10 

mrad vertically and 45 mrad horizontally. ThC two arms “ece 

centered hotizontally on the angles i (arctan 0.0725). which cox- 

respond to--t90° 18’1 the CI4.5 at 400 CeV beam energy. Within the 

target box the spectrometer apertures were filled with hadron 

absorber, the first 30cm of which sat on a remotely controlled 

elevator platform which could be raised or lowered to have copper, 

beryllium, or no absorber (i.e. helium) in the aperture. Almost 

ail of our data were taken with the copper absorber, as we found 

that rates in some of the detectors increased by as much as a factor 

of three with beryllium; the small improvement in resolution with 

beryllium (see Section E below) was judged not to be worth the 

accompanying beam lntensity limltatlon. The rest of the absorber 

consisted of 525 cm of beryllium in the target box and 150 cm of CH2 

downstream of the target box. 

The beryllium ups oversized, its coverage being nowhere less 

than 70 nrad horltontally nor i20 mrad vertically. Thls provided a 

buffer zone of low 2 material around the nomlnal aperture so that 

muons scattering in the Hevimet or steel of the target drawers 

could not be confused with the muons produced within the aperture. 

The beryllium was in the form of large precisely cut blocks in order 

to minimize gaps. Similar precautions extended to the 

surrounding steel and to the beam.dump. The design benefited from 

out previous erperlence in the detection of massive muon pairs and 

from a detailed Monte Carlo study. The effort in careful redesign 

of the target box was reworded by a factor of 40 improvement In 

random slnglcr rates In the downstream detectors. 



-15 

The CH2 was included because of the worry that slow neutrons 

might be able to penetrate the beryllium in significant numbers and 

contribute Lo counting rates. Subsequent rwning tailed t” support 

this view however, and after a few months o[ running all but 15 cm 

of the CB2 was removed and 138 cm of beryllium installed- in its 

place. 
, ’ 

7. Shielding wall 

Three feet downstream of the end of the target box was a 210 

cm-thick steel shielding wall. The apertures In this wall weIt 

rllghtly oversized. They were tapered horizontally but not 

vertically. The tube monitor was placed in the downstream end of 

the down arm shielding wall aperture in the lover large-angle 

cmner. 

8. Air gap aagnecs 

Next came the air gap analyzing magnets. They were 300 cm- 

long dipole magnets centered 11 m downstream fror the center of the 

target. The fleld was horizontal (deflecting charged particles 

vertically), and, due to tapering of the gapr. the Eield decreased 

in magnitude ulth increasing dlstsnce from the target. The pole 

pieces were located at 49 and 97 wad. At maximum current (1500 

amperes) the mean value of the fteld was 13 kg, giving a transverse 

momentum kick of 1.2 CeV/c. The two magnets were wired in series. 

Their fields pointed in the same direction, so that If positive 

particles were detlected up in one arm, negative particles were 

deflected down in the other; thlr conflguration Iavors pair* 

produced at small transverse momentum and thus has larger 

acceptance than the configuration in which the fields are directed 

opporitclg. 
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The field Integral of each magnet, as a function of the 

horizontal (x) and vertical (y) coordinates in each arm. vas mapped 

at several currents using a 450 cm-long flip coil connected to a 

current Integrator, and the magnitude of the field at the upstream 

end near the 49 mrad pole piece vas measured continuously to 0.2% 

by a Aall Effect probe. The magnet current vas monitored using a 

prcclsion shunt vhtch vas sensitive to 0.11 current variations. A 

second current shunt vas read back from the paver supply via the 

controls computer system. A further check on the shape and magnl- 

tude of the field vas the observed mass of the .I/$ resonance as a 

function of current and posltlon in the magnet. ue also used the 

J/+ resonance to callbratc the field near the pole pieces vhcre 

flip coil measurements vcre difficult. 

9. Detectors 

table XI lists the detectors, In the order traversed by a 

muon. The first detector In each arm vas an HWPC (2 mm spacing 

horizontal wires) located In the center of the air magnet. These 

mid-magnet (MM) thambers verc deslgned to operate efficiently at 

the high counting rates (typically 50 tlHz) encountered in that 

location. Their narrov gsps (l/S-) reduced the time spread of 

pulscr from a single track to about 50 “sec. and special deadtlme- 

less l apliffcrAdlscrimlnator cards vere used. All MWPC used a gas 

mlxturc containing 83t Argon, 17a C02, and .lN Freon 1381. Host of 

the chamhcrs verc operated at high rates (lo-20 MHz/plane) for 

l cvrxal tears vithout changes in plateau voltages or need for 

repairs. The WFC electronics “as of the standard ‘NEWS* 

de* ipn,’ ’ except for the Slppach designed fast ampliflcr-discriml- 

hitors mentloncd above. 



Four stations of detectors vere placed between the air magnet 

and the steel magnet. The first station consisted of J plane Of 

horizontal scintillation counters designated Ill, e HWPC containing 

three planes of wires (2 mm spacing) designated as J chambers, and 

a vertical scintillation counter hodoscope knovn es Vl. Hl “es 

used in the trigger. The three J chambers (J11, JU, and JV) measured 

In the y direction and along two ;xes at 60° and 120’ from the y 

SXIS. vl consisted of 19 1.4’ and 2. wide scintillation counters. 

It supplemented the MWFC’s in measuring x, and its good time 

resolution (one accelerator RF bucket) permitted elinlnatlon of 

out-of-time MWPC hits. A srcond plane of horlsontal scintillation 

counters called HO was added upstream of Rl after a few months of 

running. It consisted of five 5 cm-vide strips fit snugly agsInst 

the dovnstream face of the magnet iron, restrlctlng the trigger’ to 

muons emerging from the oagnet.aperture and eliminating the roughly 

3Ot of pair triggers due to n~uono emerging through the coils. 

The next station conslsted of e single 2 mm spacing HWF’C 

measuring y and called 11. Between lt and the third station was a 

210 cm-long nftrogcn-filled Cerenkov counter. It vas the ‘head. 

section of a nltrogcn Cerenkov counter, C2, used in the previous 

hadron pair experiment. *’ It vas used in the muon erpcrlment 

primarily for its good time resolution (1 nsec r.m.6.) and also for 

its insensitivity to slow particles. 

The, third statirf’ vas a 3 mm spacing MWPC neasurlng y and 

celled 21. The fourth station conslstcd of a vertical hodoscope of 

26 1.4’ and 2’ wide sclntl$latlon counters, called V2, and three 

3 mm IwPC’s (3T. 3X. end 3P) measuring y, x, and e caordlnate (p) 

rotated by arctan (l/8) rfth respect to y. The preponderence of 
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chambers measuring y (and p, which Is highly correlated with y) was 

intended to provide accurate measurement of the magnetic deflection 

angle even if one or two chambers should be missing due to 

inefficiency1 

10. Steel magnets 

Figure 4 shows a steel magnet in detail. Each steel magnet was 

made of nine S.-thick steel slabs welded together into a 4’ section 

folloved by a 24 inch section, separated by - 6 inch space. The 

coil consisted of 36 turns of hollow 0.825’ by 0.625’ water-cooled 

copper. The magnet was run at a current of lOOOA, which was 

sufficient to saturate the steel at approximately 20 kg. and 

provide a fairly uniform dipole field. The field integral vas 

measured using the muons themselves, studying the distribution in 

deflection angle as a function of momentum measured by the air 

Iragnet. The transverse momentum kick pT vas thus measured to be 

1.14 GeV. The two magnets vere wired in series and the current 

monitored to 0.19 by a precision shunt. Their fields were equal and 

oriented in the same direction, opposite to the direction of the 

fields in the air magnets. Nuons were thus partially refocused by 

the steel magnets, allouing downstream detectors to be reduced in 

size. 

The momentum resolution of such a magnet is limited by 

multiple scattering of the muons as they traverse the steel. The 

r.m.5. scattering angle is given by” 

‘:mr - (.‘14 iev)2 [i][i + b loglo “1 2 t91 
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where p Is the muc~n momentum, L is the length of the magnet. and 

R - 1.77 cm Is the radiation length of steel.” The magnetic 

deflection angle S bend also dcpcnds inversely on the momentum and 

is given In the small angle approrImation by 

e bend = P,/P = 1.14 GeV/‘p. (10) 
I ’ 

Thus the c.m.6. momentum resolutlor~ is given by 

zl? * !3iE 
p ‘bend 

111) 

- 0.15. 

This was entirely adequate for the task of rejecting background 

events (see Section 1II.D). 

11. More detectors 

In the space between the two sections of each steel magnet was a 

plane of horizontal scintillation counters (R2). It conslsted of 

four counters each 8’ wide, L-Ith the upper and lover of the four 

angled so that the vertical aperture was larger at large horizontal 

angles than at small ones. Since low momentum muons were deflected 

through large angles in the air magnet, they tended to be at the 

upper and lover edges of H2, so the taperlng of H2 provided some 

rejection of low transverse momentum muons (and hence of low mass 

pairs). 

PollowIng the steel magnet were two 3 mm MWPC’s with hori- 

rental wires designated 4Y and 5Y, and a vertical scintillation 

hodoscope (Vl) made of 9 12 cm-wide strips. Following 41’ of steel 



I to further ‘harden’ the trigger against low momentum IWOW) were a 

vertical hodoscopc IV4) made of 13 15.-cm-wide strips overlapped to 

give 5 cm resolution. and the final trigger plane, H3, consisting 

of four 20 cm-wide horizontal scintillation counters. 

E. RESOLUTION 

1. Calculated Resolution 

Each spectrometer arm measured angles to a precision lImIted 

by chamber wire spacings and by q ultSple scattering in the hadron 

absorber. The contribution of wire spacing to angle measurement 

error is strsiqhtforward. The multiple scattering contribution can 

be canputed from 

e fms p$Eq ; (121 

where 

e 2s =.projectcd mean square scattering angle 

P - muon momentum 

L - length of absorber 

R - radiation length of absorber material. 

?or the she of simplicity. this formula differs from the formula 

(9) above In that this is the approprlste form for very thin 

absorber, for which the loqarlthmic correctlon term Is neqllqible. 

Slncc, however, it 1s to be Integrated over thick absorbers, the 

constant has been Increased appropriately. Calculation of the 

resolution In variables of physlcal Interest I# conplicated because 

Intrqratlons must be done over the actual event distribution in the 

other variables and also because the resolution varlea from event 



to event depcndlng on KhiCll chambers partlclpate In lhe 

reconstructed track. Ftq. 5 st~ovs the results of a detailed 

snalyticsl calculation of the mass resolution. 1n this calcula- 

t Ion, the effects of multiple scattering and MWPC measurement 

crrocs are evaluated for their Influence on both momenta and 

opening angles. 

2. Hsss Resolution from Data 

The expected mass resolution can be computed more exactly 

using the events themselves, since then the dlstrlbutlon of events 

in the apparatus and chamber Inefficiencies are taken correctly 

into account. The analysis program propagates errors through the 

track reconstructlon and mass calculation, ylelding the expected 

sums error for each event. The points shown ln Flq. 5 represent the 

1SOOA mass resolutiok thus computed, averaged over 1 GeV mass 

intervals. It is seen to agree with the analytic calculstlon given 

above vlthin 58. 

We have rerifled that these resolution calculations are 

correct by studying the JA. For this purpose, we took special runs 

dt air magnet currents of 750, 1000, and 1250A. since the J/e has 

too low a mass to be accepted significantly by the spectrometer at a 

current of 1SOOA. For these runs ve used beryllium as the first 

foot of absorber. The mass distributions are show in Flq. 6. 

fable III compares the calculated mass resolution with the observed 

vidth of the J/e,. The agreement is good dt all three currenta. 
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This agreement tests the multiple scattering component but, 

becduse of the low momenta, does not adequately test the medS”r1ng 

l I‘OC. Here ve appeal to data on target size as obtalned from 

reconstructed tracks. This is shovn in Fig. 7 tn various mdss bins 

where the data ore contrasted with the expected distribution 

obtained from a l4onte Carlo program. The agreement is convincing 

evidence that our resolution 1s well understood. 

1. TRIGGER 

In data Sets I and II, the trigger for each arm consisted of 

the coincidence of 80, ill, 82, H3, V2 and the matriS Vl S V4. This 

motrir formed rough roods selecting muons coming directly from the 

target in the horizontal plane. In dats set III, matrices 00 x R9 

and II2 I. 83 (formlng roads in the vertical plane) vere Sdded to the 

coincidence requirement. For the high intensity runs of set III ve 

also required that less than 4 hits occur in the V2 hodoscope. This 

served to veto accldental coincidences generated by large fluc- 

tustions in beam intensity. In addition to these prlmnsry 

tc iggers, prescaled study triggers were simultaneously taken in 

order to monitor the efficiency of the system. Typically d study 

trigger did not require some element and a comparison of the study 

trigger Snd the event trigger yielded the efficiency of the 

element in question. The data taking rate of the study triggers wdS 

c*re:u11y chosen to allow the entire surface of all detector 

elements to be tested vith good statfstical accurdcy. The overall 

trlgger.efficieocy Sveraged 901. 
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Intensities of the incident proton beam were adjusted so that 

in general singles counting rates in the most burdened detector 

(typically less than 20 HPZ) did not result in dangerous 

inefficiencies. Triggers were refined until the rates were loo- 

200 per machin; pulse. The vast majority of triggerswere arm-to- 

arm accidentals and so the quality of the data was highly dependent 

upon the performance of the accelerator. The quality of the micro 

and Pdcro structure of the Fermilab accelerstor splll "(16 

continually evaluated by the on-line computer and fed back to the 

accelerator control room as a television display. The details of 

the data acquisition system are presented in Appendix A. 

III. DATA REDUCTION 

A. Generdl, Efficiencies 

The first stage of the analysis vas data compression. Its air 

was to reduce some 1000 data tapes to a manageable number in a 

reasonable amount of computer time. There were four levels of 

compression, called, A, C, D, and E. In the A level, a simple track 

flnding algorithm was used to compute the invariant mass of the 

muon pair. Events failinq this algorithm were eliminated. All 

subsequent analysis used the more complicated -standard’ track 

reconstruction algorithm. 

Subsequent levels of compression eliminated events failing the 

standard reconstruction algorithm or failing a proqresslvely more 

stringent series of requirements which were intended to eliminate 

backgrounrl events while retaining good efficiency for genuine 

masalve muon pairs. Events vece required to pass track quality, 

fiducial volume, and muon cuts. 
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Track quality cuts included requirements on the confidence 

level of the least squares fit to the track and on the number of 

chambers participating in the fit. 

The muon cuts used information from the detectors bchlnd the 

steel magnet to conflrm the muon momentum as measured by the air 

magnet. Since hadrons and electrons had been suppressed by a 

f*ctor of o”Cr 106 by the 18.5 hadronic absorption lengths of 

material in the target box, the major remaining background was lov 

momentum muons appearing to have high momentum due to traverralof 

the air magnet along unorthodox paths. The reconstructed track was 

extrapolated through the steel magnet using the momentum measured 

In the air magnet. At each of 4Y. SY, H2. H3. V3, and V4, the 

distance of the extrapolated track from the nearest active 

hodoscope clement or MWPC vlre was computed and compared with the 

expected r.n.s. deviation due to multiple scattering in the steel 

(end KAFC measuring error in the case of 4T and 5Y). If the 

distance was less than three standard de-istions the cut was 

passed. Events were required to pass five out of the SIX muon cuts. 

The complete set of cuts as applied to the flnal sample of events is 

llsted in Tables IV and V. The cuts used and the resulting 

compression factor at each level of compressIon are given in Table 

VI. 
1 ’ 

The final stage of compression vas the writing of a *data 

Summary tape’ IDST) of events from the E level compressri? tape. The 
. 

final event sample included events missing up to two chambers and 

falling any one muon cut, So the efficiency of each chamber and each 

muon cut could be determined. Events satisfying the study triggers 

but failing the event trigger alloved determination of the trigger . 
cfflcIcncy. 
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The compression cfficicncy Was found to be 

(96:l)I. The reconstruction efficiency war; determined by combining 

the measured individual plane in-fficiencies with the reconstruc- 

tion requirements and found to be (94121%. The overall efficiency 

“as [77?6)%. See Table VII for a summary of Inefficiencies in the 

A-dependence data. 

B. _- Normalization and Correctlons 

1. Generel 

To convert these spectra to dlfferentlal cross-sections, we 

need to know the apparatus acceptance and efficiency and the total 

flux of incident protons. The acceptance is defined as the 

fraction of muon pairs emerging from the target which traverse the 

spectrometer. The efficiency is the fraction of pairs traversing 

the spectrometer which are recorded by the electronics and pass the 

vsrlous anelysis cuts. The differential cross-section In a bin An, 

by, of mass and rapidity is then given by 

a2.2 
dmdy 

where N 
l v = 

number of events in the bin Am.6 y 

Nine - nmbcr of incident protons 

*.o*L.ff - atomic wefght, density, effective length of 

target 

No = Avogadro’s number 

c - efficiency 

r( = acceptance in the bin Am. by. 

c - correction factors for nuclear and radlatlve” 

et fects. 

The effective length of the target is the length cdrrected for 

absorption of the incldcnt beam: it is thus given by 
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L eff - A (l-emL”) I10 

whete A - hsdronic absorption l.ength of target 

material 

L = length of target 

The remainder of this sectlon discusses the factors which enter 

into Eq. 13. 

2. SM Calibration 

The number of incident protons was measured by l secondary 

emission monitor (SRI). The SM was calibrated bg inserting copper 

foils Into the beam line and measuring the yield of 24Na per SRI 

count. using a ‘lNa production cross-section of 3.5 mb per Cu 

nucleus,as the SM calibration constant was found to be 

(l.Olt0.021 I 10’ protons per SM count. 

3. Nuclear Effects 

Equation (13) gives the cross-section per atomic nucleus of 

target material. ‘To get the cross-section per nucleon we might 

divide by A, but this is not necessarily the cross-section that 

would be observed on hydrogen for three reasons: 1) our targets 

contain neutrons, 2) the target nucleon* are not at rest within the 

tArget, and 3) the cross-section might not depend 

linearly on A. The mix of neutrons and protons is handled by 

defining an average ‘nucleon’ which, in the case of copper is 6Oa 

neutron and 408 proton. In the detailed evaluation of structure 

functions, use is made of SII(2) symmetry in unfolding the neutron 

and proton contributions. Below, we discuss the remalning nuclear 

effect;; 
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a) Fermi Motion 

Nuclear motion modifies the dimuon yields because of the 

strong energy dependence of the cross-section. some proton-nucleon 

collisions have &ore energy in the CN and borne have less. The form ., 

of the energy dependence is such that cancellation is lmp~rfcct and 

6 small correction results. Corrections were made by a Blontfz Carlo 

calculation. A simple Fermi gas model *‘ with a maximum momentum of 

260 Il.3 was used and the sensitivity checked by also using an 

experlmentally determined Fermi momentum dlstributlonf’ The 

results were similar in the two cases. The major effect of the 

Pcrml motion is a mass dependent correction to the spectrum which 

can be expressed (averaged over the rapidity (y) acceptonCe 

.901 + .a27 f-r - 2.54 1 
(15) 

The rapidity, y, dependent correction Is presented in Table VIIIa. 

Another effect of nucleon motion is to shift the observed y distrf- 

butlon by an amount Ay-0.1 /T, where 

(corr) -Ed3 
dp3 

(uncorrJ 

+AY 

(16) 

fhlr Is accompanied by a slight loss of resolution in y (0.02 

units, rms) and ln pT (0.03 CeV, ems). These latter effect6 are not 

sIgnif icant. 
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b) A-dependence 

An A-dependence given by 0-A 2/3 would be expected (and has 

been observed)” for the bulk cf hadronic scattering cross- 

sect ions; these are the ‘soft’ collislo”s In which little momentum 

Is transferred from the beam particle to the target particle. Such 

. dependence can be understood In terms of ‘shadowing’ of ““cleans 

Inslde the nucleus by nuclcons on the surface: the incident hadron 

doer not penetrate very Ear into the nucleus (note that a platlnm 

nucleus Is about 3 nuclear collision lengths thick) and so doesn’t 

.CC the “uclcons In the interior. 

What has been said above implles that all hadronic scattering 

cross-scctlons should have .n A 2/3 dependence. Houever, faster A- 

dcpcndences may occur if (as seems to be the case1 hsdrons have 

intern81 structure. Then some components of hadrans (the ones 

responsible for soft colllrions) might interact before rcachfng the 

lntcrfor of the nucleus, while other components which interact less 

strongly might see all of the nuclcons and interact with llncar A- 

dependence. Xn the parton model, soft processes are due to the 

Interactlon of =wee= partone. wee partons carry a tiny fraction of 

the momentum of their hadrons, so wee psrtons from the beam and 

target lowe ilovlp vlth respect to each other and interact with 

large probability and A’/3 dependence. By contrast, within this 

model, particles of large transverse momentum and pairs of large 

mass are produced In collisions of ‘hard’ psrtons, rhlch carry 
. 

slgnlficant fractions of the momenta of their hadrons. Ward 

partons from the beam and target move very rapidly rlth respect to 

l sch other In high energy collisions and so interact rarely. Thclr 

interactiona should thus cxhiblt linear A-dependence. 
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Stronger than linear A-dependence has also been observed, both 

for the production of single haJrons at large PT.” and for hadron 

pair p:oductIon at large mass.*’ The mechanisms responsible for 

this are not understood. There is then the possibility that A- 

dependence reflects some subtle and possibly interestlng physics 

involving the behavior ot quarks inside a nucleus. 

To Investigate the A-dependence we took a set of data runs 

using both platinum and beryllium targets, switching targets eoery 

few runs. We parametrize the A-dependence by the functional form 

(17) 

and determine the exponent a according to .the formula 

0 -rn*/ tnyt 

%c %c * 
(10) 

The relative normalization of the two data samples depends only on 

the amount of incident flux in each data sample and the targeting 

fractions for the Pt and Be targets. All other factors cancel since 

the two samples were taken vith the same apparatus and during the 

ame period of time. 

The beam targeting efflclencles for the two targets were 

carefully measured by observfng the ratio of the 90° monitor counts 

divided by the SM as ?I function of horlsontal tsrget porltion. The 

beryllium target “as sufficiently wide to intercept all of the 

bean. The platinum targeting.fraction was 0.927 f 0.073. 

The Incident flus was measured by the SM. The flux factor for 

each data sample Is (from Eq. 131 Nlnc Left. The flux calculation 

im 8warlted in Table VIIIb. 
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The values for o versus mass and transverse momentum are 

given in Table IX and Fig. 8. The data are consistent with a 

constant value of a in our mass and transverse momentum range. 

Averaging ovez mass and transverse momentum, we obtain 

‘ Q> -1.007t0.018t0.028 5 cm <llGeV 

where the first error is statistical and the second is systematic 

(due chiefly to the uncertainty In the platinum targeting frac- 

tion). 

4. Radiative Corrections 

Radiative corrections change the shape and the normalization 

of the continuum mass spectrum. This takes place through the 

emission of photons and the consequent reduction of the mass of the 

muon pair. We follow the calcula’tions of Soni ” and find that we 

can parameterise the result by the form: 

d20 

=G corr 

d20 

Ie0.0046 (m+0.95GeVl 

dmdy uncorr 

(20) 

C. Acceptance 

The horizontal acceptance of each arm extended from 50 to 95 

l r in the lab (0 mc being the beam direction). For light particlea 

and 400 GeV beam energy this corresponds to 7Oo to llO” in the 

proton-nucleon center of mass. For lover beam energies the 

l ccepiince moves forward in the center of mass frame. The vertical 

acceptance was a function of momentum, approaching ~10 mr at high 

P0PDe”t.a. At 72.5 mr horizontal angle this corresponds to an 

azimuthal acceptance of :138 q r In the center of mass. 



The pair acceptances are calculated by lntcgratlng over 

irrevelant variables by the Monte Carlo method. In calculating the 

acceptance for the invariant cross section E d%/dp3 at fixed mass, 

the onlx non-trivial varlablcs are the muon pair decay (spherical) 

angles C D and $ D. In general the decay angle distribution can 

depend on four density matrix elements each of which Is a function 
I ’ 

of four invorlants.8’ For some processes and for appropriate 

choice of reference frame orientation the distribution reduces to 

the form 

wm,,* D) = 1 l 6 cos2eD . 

For example in the Drell-Yan model the distribution is 1 + cos20D 

In the frame whose f axis lies along the directions of motion of the 

(colinearl quark and antiquark (the ‘quark-antiquark frame’). This 

presumably is modified somewhat by QCD correctlons. If on the 

other hand the intermediate state were an unpolarized particle the 

decay would be isotropic. 

Detailed discussions of the decay angular distribution can be 

found In the llterature.l* For the continurrn analysis we have 

assumed that the Drell-Yan prediction is correct. This has been 

shown to be true in the experiments of 5. Chlldrcss et al. ” and 

G. E. Eogan et al.” in a kinematic range relevant to this 

experiment. In out experiment, In the quark-antiquark or any 

closely related frame the acceptance is restricted to a small range 

of ~0s e near 0. Therefore the acceptance ambiguity introduced by 

uncertainty in 6 cannot be resolved within this experiment but Ia 

just one of overall normalization. For simplicity we have chosen 
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to do our calculation in the frame determined by the incident 

proton (the ‘GottftIed-Jackson’ frame of our previous publications, 

else called the t-channel hellcity frame); such a choice avoids the 

ambiguity of speclfying a partition of pT between the quark and 

antiquark as Is required to define the quark-antiquark frame. For 

reasonable partition assumptions the acceptance thus calculated is 

the same to vlthln a few percent as the acceptance calculeted in the 

quark-antiquark frame. The acceptance calculated using a 

1 l cos2eD distrlbutlon is 0.78 of that calculated using an iso- 

tropic distribution, independent of y and nearly independent of 

PT. 
.s The acceptance vs. pT for data sets I and II under the 

assumption of 1 + cos2gD decay is shown In Fig. 9a. 

To obtain the acceptance for the cross sectlon d2a/dmdy it Is 

necessary to integrate ovet the pT of the pafr. We did !JO using the 

pT distribution determined from out lneasured invariant cross- 

srctlons. These were fit rlth the form 

t CL 
dp3 p + flPT,P.‘2]6 

(221 

A typIca value for P, “as 2.8 GeV. This form “.S a160 used to 

l ,tr.polsL to PT’ s for which WC had no data. The fraction cf the 

Integral in this region was typically la. Detellcd ffts using this 

form have already been presented in Ref. 5. We discuss this further 

In section IL 



The acceptance vs. center of mass rapidity (yl is shown in 

Fig. 9b. The y acceptance for 3 energies is shown in Fig. 3c. 

Note that the acceptance peaks near y = 0 for 400 GeV incident 

proton6 and shifts to forvard y for lover energies. Since the y 

acceptance is narrow we present cross-sections differential in 

raplditg evaluated at the mean rapidity of the acceptance, CT 
*cc 

. . 

The values of <y,,=z for the three beam energies are indicated in 

Fig. 11. The observed rapidity interval at each energy IS <yacc> 

tll.3. The acceptances vs mass calculated for these Intervals are 

shown in Fig. 9d. All figures show ‘observed’ y, uncorrected for 

Fermi Motion. 

D. Backgrounds 

Raving evaluated all the terms In Eq. 13, ve now discuss the 

background events Included in the accepted data sample. Back- 

grounds can come fras dircctlj produced muons from two different 

Interactions In the target (accidentals) or from the decays of 

hadrons. The latter can be from the ssm or dffferent inter- 

actlons. WC cstlaatc most of these background6 with our 

airultaneous q ea6urement of the u+y+ and y-p- rates. If the back- 

grounds are of accIdenta origin, whether directly produced or from 

hadton decays, they obey the relation 

Rback, Nback 
+- -+ =2&ic 

Since in our cese N++- N-- this slaplifies to 

(23) 

Nbsck+Rback I( +N 
l - -+ - ++ --* (24) 
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We observed that IN++ + N--),‘(N+- + K+ ) ~4s proportional to 

beam intensity in our data. This implies that indeed most of 

N ++ + N-e has an accidental rather than a physics origin. 

He can’ also use the same sign events to estimate non- 

accidental backgrounds. If the two-particle correlations (R) of 

the parent hadrons are independent of particle type and satisfy R+- 

- JR,, R-v then formula (23) given for accidentals also holds for 

correlated pairs. The above premise has been shown to be true at 

the SO\ level for ordinary hadrons.” Thus since N,, + N-- is 

mostly accfdcntal, we conclude that the same sign pairs give a good 

estimate of our backgrounds due to accidentals and decays of 

ordinary hadrons. 

The equal correlation premise is not, however, necessarily 

true for charmed particles. While reasonable models of charm 

production do not predict a significant background, not enough is 

known about charm production (particularly at high pT) to rule it 

out. 

A final possible source of background at high mass 16 mis- 

measured real muon pairs of lower mass. These uere effectively 

eliminated by remeasurement of the muon momentum using the steel 

magnet. 

Figure 100 shows our mass spectrum for unlike and like sign 

pairs from data set I at 400 GeV. We see that background is less 

than 101 for I4 
)I+ u- 

z 5 CeV and drops rapidly at higher masses. We 

handle this small tackground by subtracting the spectrum of same 

sign pairs from that of opposite sign pairs. Since, however, the pT 

acceptance of same sign pairs is broader than that of opposite sign 
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pairs, some cdce must be taken in order not to bias the pT distribu- 

tion at the loucst masses. We therefore use a technique to correct 

for the difference in same-sign VS. opposite-sign pT acceptance“. 

Before calculating the pT, rapidity,and mass of a same sign pair we 

reflect one of the muons through the horizontal mid-plane of the 

apparatus. In general this changes the mass and pT of the pair, but 
I ’ 

if it is an accidental the reflected pair has the same production 

cross section as thd original pair, and if it is flea correlated 

hadron pair decay the cross sections are approximately the same. 

IV. RESULTS 

A. Data Presentation 

Figure 11 shows the differential cross sections d20/dmdyl‘,, 

for data sets I and II.” The overall systematic normal isation 

uncertainty of all the data can be assumed to be less than 2 25\. 

Figure lob shows the highest mass i~+i pair data (data set III, 400 

GeV high intensity). 

Invariant cross sections vs. pT at 400 GeV are presented in 

Table XII and shown in Fig. 12. In Fig. 13 we give the moments <pT> 

and qT2 a VS. ulass. In all cases the moments were calculated 

directly from the data. The variation of the cross-section Vs. y 

for various mass bins at 3 different incident proton energies ia 

ahown in Figure 14 and presented in Table XI. We use the scaling 

form s d20/d/rdy for convenience. 
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B.Scallng 

The Drell-Yan model Eq. 4 embodies scaling and we have already 

published a scaling comparison’ in some detail. The exponential 

scaling fit” to the data Is: 

-(42~.2tll. lexp[- (2S.1!.lr.6)~~)“bGeV2 (251 

The scali-~y data and the fit are shovn in Ply. 15. Also shown 1s a 

Drcll-Ian model fit which Is discussed In detail in Section C. In 

rig. 16, we compare the erponentlal flt and the Drell-Ian model fit 

to our data with prcl1minary pp data from the CERN 1%~. ” We 

note that the CERN data 11 all at lower values of /r - I and that 

the higher s data agrees with the extrapolation of our data within 

the statistical errors. 

It rcmafns to discuss the question whether or not the agree- 

ment rlth scaling Is too good, In view of the scaling violations 

observed in deeply inelastlc UN scatterlny”, ‘* and In neutrino 

charged current lntersctions.“-” 

In 119. 17a we present the scaling plot as computed using the 

QCD calculation of Owens and Reya. ‘I It is seen that in the reylon 

/I - .lS ‘to .4S the predlcted DC0 scale breaktng effects ace small. 

The data has InsufficIent statistics to see such a small variation. 
I o 

The most dramstic evidence for OCD effects is seen in the pT be- 

havior discussed in Sectlon t. 
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C. Extraction of Nucleon Sea: 

Equation 4 can be differentiated with respect to rapidity to 

give the form: 

2 , d 0 8m2 r 

9 
under 4 

Mrdy 
f;(xb,"2)r;Ixt,m21 

+Z;lXb,” 2 t )fi(xt,n 1 ‘I (26) 

Bere we follov the usual procedure of neylectlny the heavier (c, b, 

. ..I quarks. The f’s are the quark structure functions which can be 

expressed as 

f"(.,rn2) z ""lX,rn2) +"6lX,m2) , (27) 

taking explicit notice of the fact that the u quark in the proton 

for example has a larye component vhich is due to the presence of u 

valence quarks and a small piece vhich comes from the 555 of u; 

quark pairs. The f’s are defined such that 

io the fraction of the proton’s momentum carried by the quark of 

flavor I. WC assume the SUi2) symmetry: 

~*(x,m~) l dn(x,m2) 

““(s,m2) - dp(. ,m2) 

where p zproton and n rneutron. 
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In principle, sufficient dilepton data over a large enough 

domain of y. m2 could be used to unfold the structure functions. 

Because OUI data is concentrated near y - 0, we cannot perform thls 

unfolding without additional knowledge DC assumptions. To proceed 

further, WI? substitute data from inelastic lepton scattering for 

the quark distributions filx,m2). Inelastic electron or muon 

scattering measures: 

qhQ2J - iIei2[f+.Q2) + qx.42)] . (201 

QCD calculations of the underlying sub-processes contributing to 

lepton scattering and dimuon production”8” suggest the identi- 

flcation of 

Furthermore, the, QCD diagrams of these processes, to order 

as210gQ2. amount to the use of Q2i dependent structure functions. 

Ye thus use a Q2-dependent fit to the data“ on electron-nucleon and 

muon-proton scattering to provldev H2P. We use a fit” suggested 

by low Q2 SLAC data for uW2”. 

“U2 
” 

- = l.O- 0.8X 

*l’ 

(29a) 

We parameterize the antiquark distributions: 
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a = ~(1-x)~ 

ii - Ml-w)N+ g 

a = (ii+a)/4. 

(29b) , 

The inequality of ii and a, orlglnally suggested by an argument of 

Feynman and Field,” has recently been discussed uithln~ PCDC’ The 

i Suppression Is suggested by neutrlno scattering;‘.” but It has 

a small effect on the predlcted dimuon rate and the results of our 

fits. Ue assume that these anrlquark distributions are Independent 

of Q2 over the observed x-range. A QCD analysis” suggests that 

this should be true to the level of -10s for x , 0.2 and 

ICI < Q2‘ 300 ( See Fig. l?b). 

Ye use JJ2 measurements hs input and use the muon pair data to 

fit the .: dmeters A. N and 6. The results are given In Table Xa 

both for the assumption &a and for the case where the value of 6 is 

determined by the TIC. The dara clearly favor U#a. 

For the results in Table Xa we assumed no Q* dependence in 

equation 29a. The QCD calculation of Ouens and Reya” can be used 

to obtain an estimate for the expected Q* dependence of the ratio. 

Using the data of Bodek et al” In the range .2 5 I 5 .6 and 

correcting the data to m* appropriate for OUr 300 GeV data we obtain 

V”2 
n 

TP 

= 0.607 - 0.535 x (29c) 
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The result of the flt using equation 29c Is shown In Table Xb. The 

data d111 ravor ii ,d a. 

Ye can avold parameterlzlng the antlquark dlstrlbutlona and 

extract them directly if we assume a relatlonshlp between the 

flavors of antlquark. e.g. the floating fit of Table Xar 

iifx)/atx) = (I-X)~*~~ 

a(x) = S.(x) = (ixx) +ab))o 

To do this we take data pairs at symmetric y values, the VW; 

l eaaurcmenta, and equation 29a for v Y2” at the corresponding 

xb=bcam and xt=target. Ye then have a system or 6 measurements and 

6 unknowns: 

u(x,) ad20 fdfrdy (+Y, fl, q 2! 

u(xt) ad20 /dfxdy ~(-y. f~, m2) 

d(xb) vU2p(xb,m2) 

d$), uw2%,,m2Z 

acz,) vw2nbb,m2) 
at.,) vw2%p2) 

Host of the !OO CcV data and one thlrd of the 300 CeV data prorlda 
1 

us with mltabls data pairs. 
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Fig. 18a shows the results for G+a, the aca comblnatlon moat 

independent of our assunptlons about relative antiquark strengths. 

It Is also poaslble to rorm the quantity ;(x)+:(x)r E(x) 

+a(x,*ZZ(x). In Fig. 18b we compare our values of ~(x)+~(x) to 

those measured In inelastic neutrlno scattering at CERN” and at 

Farm1 lab. ” 

The cwparlsan involves the expllclt factor of 3 for color in 

dllepton productlon and ilao the QCD predlctIon that Q2-+•2. Our 

ralucs of ~(xf+S(x) appear to lie about 501 higher than the 

neutrino data In the rlcinlty of J~z0.2. Note however that for the 

sue /z the average 9’ for the neutrino data Is lower than that for 

the dllepton data: a correctlon computed using the results of Owens 

and Reya ' ‘(Fig. 17b) would slightly lower the neutrlno polnts at 

/T ~0.2, lncreaslng the discrepancy. 

Ye therefore observe a dllepton production rate larger than 

would be predlcted by the Drell-ran model using the F2(x,Q2) from 

muon scattering and G(x) from neutrlno data. Recent results from 

experiments at the CERN SPS indicate that dlauon production for x- 

nucleon collisions 1s larger than the Droll-Ian calculation by 

l pproxlmately a factor of 2. I* This discrepancy was not observed 

lo en earlier measurement made at Fermllab.” 
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Several recent calculations of QCD contributions of next order 

(beyond leading 1Ogarithm) for both deep inelastic scattering and 

dllepton producrlon have the effect of increasing the theoretical 

dilepton yields by about a factor of tuo?‘~ “ This factor is 

independent of x for I < 0.5. However, lacking calculations or 

estimates of contrlbutions from yet higher orders, the conslatency 

of experiment and theory must be taken a3 somewhat fortuitous. 

Taking a broader view, agreement of the dilepton data with the 

neutrino scattering data ulthln a factor of 2 represents a substan- 

tlal suc&eaa for the quark-parton model. 

D. Slope at Zero Rapidity 

The difference In the z and a content of a proton, which was 

considered in the previous section, also manifests Itself in the 

slope of the data in Fig. 14a near yz0. Ye assume that the higher 

order corrections mentioned in Section C are not y dependent. The 

doubly differential or033 section: 

d20 
0 

d/t dy 

must be symmetric relative to y:O for pp collisions. However the 

QPN favours a positive slope in y for pn collisions and therefore 

also p-Cu collisions since the “nucleon” in Cu I3 40s proton and 602 

neutron. This slope near y-0 Is the result of several features of 

the model; first, the larger number- of 2/3-charged u quark:, In the 

proton, second, the increase of u/d as I- 1 observed in electron 

scattering, and third. the possible SU(3) violating dominance of a 

O”sr 9 quarks in the proton 
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iitxb-atx) ‘ 0 (30) 

uhlch is mlrrored as a dominance of the ; sea In the neutron. It ie 

interesting that this same quantity appears in the PPH interpreta- 

tion of the Auler SW rulesr”” 

b.+p - “w;“) G -0.33 - f ‘- I(” - ii, dx 
0 

The negative value of A derived from experiment motivated 

Peynman and Field” to propose the relation 

a-ii(h) 3 

Figure lib plots versus/r, the slope 

g l”(s -z-q yLo I I 

(31) 

02) 

obtained by fitting the data In Fig. 14s near y-0. The slopes are 

larger than the Droll-Yan model fit which assumes asymmetries only 

In the valence u and d distributions IsoliJ curve). Thus the data 

flours a SUCP~US of a quarks over ii quarks in the proton. This has 

been examined recently in QCD theory by ROSS and Sachrajda.** They 

evaluated QCD diagrams vhich contribute to the structure functions 

derived In lepton scattering. This enables them to calculate a 
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contrlbutlon to q. 30 and to show that It is indeed negative but 

perhaps a factor of 5 smaller than Implied by the Adler sum rule. 

The connection between the Adler difference and Eq. 30 IS also 

dIscussed by Contogouris and Papadopoulos.” We note that whereas 

the dl.lepton data establishes the symmetry breaking for x , 0.2, 

the Adler Integral Is dominated by the small I region. 

t. frmnsverse Momentum of Lepton Pairs 

The simple l ppllcatlon of the quark model for dllepton produc- 

tlon predicts very small transverse momentum for the dileptona. 

The observation of average dllepton transverse molenttm of the 

order of 1 GeV and larger provided qualitative support for CC0 

dcncriptlons of dilepton productlon. The large < Pi> comes about 

because of the probablllty (order as) of one of the colliding 

quarks to radiate a hard gluon and recoil to large pT. Figure 19 

shows the experImenta results plotted vs /r for this exptrfaent, 

another FNAL l xpcrIment!* and ISR experiments.” The Increase of 

average pr with /s Is a direct predIctIon of QCD.‘% *‘I’* 

We find for /r-0.21, using our 300 and 400 GcV data and the 

ISR” data 

g Py’ -(.021) h+ .37 )GtV (33) 

in approximate sgreeaent rlth the predictlons of QCD. Note thst 

the rlo& i* calculable from perturbation theory whereas the lntcr- 

crpt IIntrinsIc pT of the quarks) Is related to t)e conflning 

force. tq. 33 Is the most,draaatIc confirmation of DC0 (gluon 

~cffectr) as applied to dilepton production. 
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F. Explicit OCD Contributions 

It is of further interest to see if a Drell-Van calculation 

including explicit contributions from ED diagrams involving gluon 

emission and absorption can be accomodated by the data. Ignoring 

higher order corrections, Altarelli et al!‘and ltajantic and Raitid’ 

have presented such calculations. They remwe the divergence of 

the glum propagator at small momenta by assigning x constant 

exponential ‘intrinsic momentum to the bound-state quarks within a 

hadron. The fit then involves a time-consuming folding over the 

lntrinric Fermi momentum, kT, of the quark at each data point. In 

addition to the parameters A, N, and6 introduced above to describe 

the antiquark dfstributions, we introduce g(x]=G(l-xl”, the gluon 

-sk 2 
distribution vlthln a nucleon, ffkTf=e T , the intrinSiC! l FerSli 

motion= of the quarks bound in the nucleon, and as, the xtrong 

coupling constant xt the gluon-quark vertex. He then fit all the 

data in bins of l , y, and pT at the three energies 200, 300, and 400 

Cc0 8imultancously. Again ve assume no explicit Q2 dependence of 

the parameters in the limited range of our fit. The results are 

given in Table XIII. Note that the fit is quite good and that the 

parameters have reasonable values. No detailed study has been made 

of the error axtrlx because WC belleve that systematic errorx lay 

well domln*te. 

G. Euon-Electron Universalltr 

AS . flnal topic “C present data on muon-electron 

unlrcrsality. Figure 20 rhovs the data obtained in 1975 - 1977 on 

the diclcctron continuum. SuperImposed in the insert is the muon 

data. It appears that pe universality holds (to SO* or better) in 

the production of massive lepton pairs near <Q2B - 40 Cd”. 
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a. Co”clusio”s: 

In sumary, we find a linear nucleon number dependence for the 

diouon production cross section using.Be and Pt targets. The 

dimuon continuum cross sections SCAle over the energy and mass 

range studied by this experiment. In addition, fits to our data 

using the Drell-Yan model’ are in good agreement vlth the 1% 

data” when ertcapolated to their range of /r. 

The sea quark distribution AS measured by thls experiment is 

about a factor of 1.5 above the sea distribution determlned from 

neutrino experiments. The fits to our data indicate that the ii 

distribution in the proton is suppressed relative to the a distri- 

bution. 

We can obtain a good fit simultaneously to the ,y, p,,, and 

.a=* dependence of the dimuon cross section using the model 

of Altarelli et al.” and Kajantie et al.” The gluon distribu- 

tion determined by the fit is g(r)=2.55f1-.)4’1 and the value 

o,=0.27. 

Seal lng violations as expected from QCD calculatlons are 

observed in the dependence of <pT> with /s at fixed /r. 
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TABLE I 

Target Properties 

Length Width Density Abs. Effective 
nateria1 (cm1 (Ml A (g/cm31 Lengths Length 

(Cm1 

Pt 1.87i.04 .660?.013 195.09 20.65 t.40 .2 1.7ot.04 

Be 10.38?.10 1.65t.013 9.01 1.835?.014 -20 9.042.09 

CU 7.62 .8B9 63.54 8.96 -52 5.94 

CU 10.16 .889 63.54 8.96 .69 7.35 

Note: Length of Pt target is given as measured after run. Widths 
and densities of Pt and Be were measured using leftover 
piece8 from the same sheet met61 stock. 
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TABLE II 

Detectors 

Name TYP= s position (inches) 
Up Arm Down Arm 

M WWPC 

Ho hodoscope 

Ill hodoscope 

JV WWPC 

JY WWPC 

JU UWPC 

Vl hodoscope 

1Y UWPC 

C Cercnkov 

2Y WWPC 

v2 hodoscope 

3X nwc 

3P WUPC 

3Y WWPC 

HZ hodoscope 

IY ?lWPC 

V3 hodoccope 

5Y MWPC 

V4 hodoscope 

83 hodoscope 

440.0 440.0 

500.0 500.0 

529.0 529.0 

537.6 537.9 

538.6 538.9 

539.6 539.9 

558.8 555.6 

588.1 588.1 

688.0 

724.0 

745.1 

750.6 

756.1 

817.0 

875.0 

893.0 

990.6 

1056.5 

1173.0 

688.0 

724.0 

745.2 

750.7 

756.2 

617.0 

875.0 

893.0 

990.6 

1053.0 

1173.0 



-53- 

TABLE III 

J/$s Resolution 

Current Predicted Observed 
IA) (CeV, PWHH) 

750 0.275 o.p7 I 

1000 0.227 0.251 

1250 0.195 0.204 



TABLE IV 

Sample Selection Requirements 

1. 1 track found in each arm 

2. 2 6 chambers participating in each track 

3. Track confidence level cut: 

If 6 chamber track C. L. 1 0.021 

If 7 chamber track C. L. 2 0.011 

If 8 chamber track C. L. 2 0.001 

4. Fiducial cuts 

5. man cuts: 2 5 out of (4Y. SY, H2, H3, v3, vo 

within 30 of extrapolated track 

6. Target cut: projected horizontal position at target 

5 0.3’ l 20 / p 

~.-.- 
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TABLE V 

Fiducial Cuts' 

Position I: limits (inches) y limits (inches) 

nag. cntr. -9.80 8.80 -5.00 5.00 

nag. exit -11.80 11.90 -5.00 5.00 

81 -12.50 12.50 -5.90 5.90 

Jr -12.25 12.25 -6.30 6.30 

Vl -13.15 14.05 -7.50 7.50 

11 -14.00 14.00 -7.56 7.56 

12 -16.00 16.00 -11.34 11.34 

v2 -19.63 19.13 -16.50 16.50 

3x -10.00 19.00 -14.17 14.17 

112 -19.00 19.00 -17.00 17.00 

x4 -22.so 22.50 -16.54 16.54 

v3 -24.13 24.13 -16.50 16.50 

IS -27.00 27.00 -17.00 17.00 

VI -21.00 27.00 -16.50 16.50 

II3 -29.00 29.00 -17.00 17.00 

. 
lor data acts I and II 
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TABLE VI 

Levels of Comptession 

Level Requirements’ Cements 

~ ~~- 
conpc . 
Factor 

A Crude reconstr . 800 BFX to 7 
prcscalt m < 3.8 GeV 1600 BP1 

C Standard reconstr. 5 
I chamb. 16,y,,, q5.4. 

D 0>4.8, CL>10 -5 Scalers to 3 
If 6 chamb. 25 words 

E y,,, <5.2=, 4Y or Scalers to 3 

5Y vithln 3 a 7 worda 

a 
Y le~ is the maximum vertical exq~rsion of the track In the 

air magnet. 



TABLE VII 

Efficiency Sumary 
(A-dependence Data) 

Trigger 

Compression 

Reconstruction 

nuon cuts 

Target cut 

Track C.L. 

One track 

Combined 

Average 

Pt target EM target 

.994*.051 .933*.03e 

.956t.O14 .963:.013 

.937:.021 .951:.019 

.990:.002 .987i.O02 

.998:.005 .972*.009 

1.000~.002 l.000t.003 

.990:.004 .993t .003 

.767:.057 .914*.045 

.796:.035 



7’hBL.E VIIIa 

?crnl not1on corrrct1on 

Ilo l B1 y + II2 ,* + II) J3 

-547 - .620 

.soo - ,547 

.450 - .500 

.306 - .450 

.332 - .306 

.300 - .332 

.zso - .300 

.211 - .250 

.185 - .211 

.16R - -185 

EO 

(X1O-4) 

*1 

(x10-0 

82 

wo-3) 

63 

(x10-3) 

5949 1774 -1200 -2071 

6831 1652 - 659 -1546 

7506 1711 - 225 -1760 

a199 1060 - 66 - 944 

8701 712 5 - 519 

8973 519 26 - 353 

9218 375 36 - 231 

9401 ,266 34 - 147 

9517 199 36 - 110 

9502 164 29 - 81 



TABLE VI I I b 

A-dependence Flux Calculation 

SM counts 

900 man counts 

90° live-time gatcd 

Live-time 

Incldcnt protons 

llrix tsctor 

Pt/B,c flux rstlo 

Pt target Be target 

12667101 23516602 

1608764 1698469 

1121082 1634927 

.9515 .9626 

1.217 x 1o15 2.286 x 1O1' 

4.274 x 1016 3.793 I 1036 

1.126i.035 
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TABLE IXd 

h-dependence vs. xass 

Mass (GeVJ No. e”t?“ts Pt NO. events Be 0 

Charge 0 2 0 2 

5.0- 5.4 

5.4- 5.8 

5.6- 6.2 

6.2- 6.6 

6.6- 7.0 

7-o- 7.4 

7.4- 7.6 

7.8- a.2 

8.2- 6.6 

6.6- 9.0 

9.0- 9.4 

9.4- 9.8 

9.8-10.2 

10.2-10.6 

10.6-11.0 

146 a 142 4 .986 i .041 

120 2 115 0 . 994 2 .043 

95 0 95 2 -993 t .046 

87 0 66 0 1.066 f .053 

67 0 63 0 1.006 * .057 

44 0 44 0 -966 1 .069 

35 0 34 0 .995 t .076 

23 0 24 0 .972 t -095 

20 0 9 0 1.246 : -131 

11 0 7 0 1.133 * .157 

24 0 16 0 1.079 * .lOl 

20 0 19 0 1.003 2 .104 

9 0 a 0 1.024 : .156 

2 0 9 0 .497 t -254 

3 0 4 0 .a92 i .248 

- 

Note: Errors are statistical only. There is an additional 
.026 systematic errcar at all msses. 
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TABLE IXb 

A-dependence vs. pt 

pt (Gev) NO. events Pt NO. events Be a 

, 
Charge 0 2 0 2 

o-o- 0.2 35 0 49 1 2 , 1.089 -073 

0.2- 0.4 120 2 107 1 .951 i -044 

0.4- 0.6 127 2 124 1 .9El * .042 

0.6- 0.8 105 1 102 0 -980 f -046 

O-B- 1.0 90 0 93 1 -993 * .049 

l.O- 1.2 69 1 04 4 1.039 f .055 

1.2- 1.4 44 0 50 0 1.027 i -067 

1.4- 1.6 26 0 37 1 1.066 f .083 

1.6- 1.6 17 0 26 2 1.098 * .107 

1.e- 2.0 10 0 12 0 1.045 f -139 

2.0- 2.2 B 0 9 0 1.024 i .156 

2.2- 2.4 4 0 6 0 1.118 f -210 

2.4- 2.6 5 0 2 0 .686 t ,272 

Note: Errors are statistical only. There is an additional 
-026 systematic error at all transverse nomenta. 
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TABLE Xa 

PARAHETERS FOR NUCLEON SEA FIT = 

A. PlS - 

A l 

I . 

x2 

D7 l 

A[l-xl" 

All-x) WB 

(ii + a,/4 

ii-a 

.476 2.011 

0.62+. 08 

300/154 

B. Allow 6 to float 

A - .54U~.OO2+.17 

0 l 3.46:.25,1.2 

N - 7.62+. 082.36 

'The Clrst error 1s stati8tical and the second vhcn given ia 

l ptamatie. 
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TXBLE Xb 

Parameters for Nucleon Sea fit 

Using a2 correction for vu: 

a = A(l-xp 

ii = A(l-XI"+ e 

E = (0 l a) I4 

A. fix ii f a 

A= .502 i.011 

N s 8.69 i .'08 

B. Allou 0 to Tloat 

18 .536 i.016 

0 = 2.51 f .39 

N I 1.n f .ll 

# 
2 x 2061155 



TABLE XI 

Cross section verses rapidity (yJ for bins of /1=&/s. Nucleon 

lotlon and radiative corrections have been applied to the cross 

sections as described in the text. 

- 

e- 

- 

.lS 

--- 

.23 

--- 

-27 

--- 

.31 

I-r 
1 
M 
.-_ - 

!9 

.L_- 

3 

-_- 

5 

Y 

,.169 
,.099 
.021 
.141 
-231 
----- 
.187 
.097 
.067 
.023 
.143 
.233 
.263 
353 2-m-e 

.184 

.094 
-064 
.026 
.146 
.176 
.236 
.266 
-356 
-366 
,506 
LI2L 

.160 
-090 
-060 
.030 
-150 
.160 
.240 
.270 
-360 
-390 

s d2a - (cm2-Cev2-nucleon-1J 
my 

400 Cev 300 Gev 200 Cev 

2.59 t .2a x 10-31 
2.66 * .ll 
2.86 i .08 
3.20 t -08 
3.37 * .17 

.________-______________________________------------ 
1.11 s .lO x 1o-31 
1.10 * .04 

1.61 f .29 x lO-31 
1.16 t .03 1.29 t .06 
1.33 * .04 1.33 * -05 
1.40 * .07 

1.46 t .06 
1 36 * 09 .---------------------+--------------------------------- 

3.61 ?. .16 I 1O-32 
3.63 .t .07 

4.55 t .64 I 1O-32 
3.98 t .os 4.66 t .26 
4.25 *..06 4.54 * -17 

5.05 t .74 x 10-32 
4.45 r .13 

4.64 r .17 4.50 t -26 
4.60 t .32 

5.02 t .21 
5.02 t -21 

~------------_______________________------------~:~~-~-~~~-- 

1.27 2 -09 I 1O-32 
1.21 t .04 
1.33 t 

.03 
;.:a r l 3: 8 lo-32 

. 

1.46 t -04 1.76 t .12 

1.51 * -08 
1.63 f -11 
1.94 f .23 

1.89 * .30 x 10-32 

1.91 t .04 

1.60 i .09 
1.60 i .lO 

.92 f .16 
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TADLE X1 (Cont'dJ 

/i- Y 
&-- 

d/rsy 
(cm2-CeV2-nucleon-1) 

400 c&V 300 CeV 200 Gev 

.35 

--- 

.41 

-.057 
.033 

::85: 
.273 
.363 
.393 
.513 

As?- 

-.170 
-.oeo 

-040 
.160 
.190 
.250 
.260 
.400 
-520 

-LwL 

6:07 yf : ; 

1.44 z 10-33 

:i65’ 
7.12 8 1.19 x lO-33 

6.01 r .49 6.20 r -49 
5.46 t .61 

5.83 t .36 
4.74 t .35 

---------------_____-------------------- J.P5~r-*R5~~~~~~ 

.70 * .lO I 10-32 
1.00 r -06 
1.01 * .05 
1.13 ?. .06 

1.29 * 
.96 

.35 x 10-33 
t .12 

1.16 * -14 
-76 8 .09 
.53 t .os 

.-----------------------------------------* XLt-.15------ 

1.26 t .47 8 10-34 
1.33 t .20 

"V 1 I.67 I 1O-34 
' 1 ;iij 1 i;ei *-I . .50 .4731 :a;7 3 I - 2.12 ; .21 ':Z 

5 r .23 2.11 ; 
1e5g 

-25.7 1.62 * -49 
.267 2.47 t .67 

---,.AZ2-. _________-___________ 1.99_:_1*61--_______________________ 

-.157 -.067 ;A; 

3:42 

; y; I 10-35 

.522 -053 t 190 
.173 4.57 t 1.19 
.263 3.93 t 2.28 
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Table XIII 

Explicit QCD Fit Pdrdmeters 

a . A(l-s)X 

il I A(l-x)N+B 

i * (ii + a,/4 

9 m B(l-sl’ 

f I phf 

A 

Y 

6 

B 

. 

% 

s 

X2/D, 

0.56 t 0.01 

8.1 2 0.1 

2.6 + 0.3 

2.55 (fired by Jg(x)dx = 0.5) 

4.1 + 0.2 

0.27 + 0.01 

1.14 z 0.02 cev-* 

805/876 
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Fig. 3: 

Fig. 4: 
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FIGURE CAPTIONS 

Basic Drell-Yan process: a par tan-antipar ton pair annl- 

hilate via a vIrtua1 photon into a pair of leptons. 

Schematic plan view of the two magnetic spectrcmeters 

used to measure the yield of muon pairs. The various 

detector stations are described In the text. 

Target shielding box containing ten removable carriages 

on which were housed the target, beam dump and aperture 

defining beryllium channels. 

Detail of solid steel magnets used to rc-analyze the muon 

momentum and harden the trigger. 

tlass resolution of the dual spectrometers at full exci- 

tation. The various calculated contrlbutlons to the 

resolution ate explalned in the text along with the event 

by event resolution calculated from the data. 

Uass resolution plots in the region of the J/1, resonance 

taken at lower magnet excitation. 

Reconstructed target distribution in a coordinate per- 

pendicular to the beam for a) all masses bl n~assas from 

i-8 GcV cl masses 9.2-10 GeV and 10.5-14 CeV. 

A-dependence power, o , derived from the platinum and 
I ’ 

bcr~llium target data runs. al A-dependence of the 

diruon yltld on mass (integrated over all pT). bl &- 

dependence versus pT (integrated over all masses). 
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Fig. 9: Dimuon acceptance of the apparatus calculated on the 

assumption of a l+cos*g decay angular distribution with 

respect to the beam axis and a phtnomenological y and pT 

production distribution which approximates the data. a) 

acceptance for data set I versus pT of the dimuon pair, 

at 400 GeV b) acceptance Ear data set I versus center-cf- 

mass rapidity y of the dimuon pair, at 400 GeV cl 

acceptance for data set I and XI versus cm rapidity y of 

the dimuon pair for 3 energies dl acceptance versus mass 

for the different incident energies. 

Fig. 10: a) Dlmuon yield for data set I, 400 CeV protons !ncident. 

The like-sign pairs are 6 measure of the contributions 

from accidentals and pion decay. b) Dirnuon yield fbr 

data 6et III, 400 GtV protons incident. The cross 

6ections 13 a) and bl do not have nucleon motion or 

radiatirt corrections. rymbols . = 1: ;,A -IA+“+ + l3- “-. 

Hp. 11: Yield of dinuon pairs versus mass for incident proton 

cncrglcs of 200, 300 and 400 GeV. Like-sign pair6 were 

l ubtractcd to correct for accidentals and hadron decays. 

The ctos6-sectlon per standard nucleon (6Ot neutron, 4OI 

proton) is defined in the text. The cross sections do 

not have nucleon-motion or radiative corrcctlons. 

rig. 121 Invariant yield of dimuons as a function of the trans- 

6ar66 l aaentum, pT, of the muon pair for 400 GeV incident 

protons. 

tig. 13: The average value of <pi> and for the observed 

dlnuon palm. 
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Fig. 14: a) Yield of dimoons versus’the center-of-mass rapidity, 

y, of the pair of muons 0 t 400 GeV, A f 300 GeV and 

0% 200 GeV. b) Slope of the rapidity distrtbution 

evaluated at y=O. The solid line is the Drell-Yan model 

fit to the data with ii - a and the dotted line is the fit 

ulth iit& 

Fig. 15: Scaling form of the cross section for 200, 300, and 400 

CeV data with the exponential scaling fit defined in 

text. The dotted line is the exponential fit described 

in the text. The solld line is the Drell-Yan model fit to 

the data for ii and a. 

119. 16: CEM ISR” dilepton data. The dotted line is the 

exponential fit defined in the text and the solid line is 

a Drell-Yan model fit to this experiments dimuon data, 

taking into account the fact the CERN data are proton on 

proton and our data is proton on nucleon. 

Fig. 17: a) Cross section YS fx at 3 different beam energies 

computed,folloufng a QCD calculation by Ovens and Reya” 

bl Sea distribution using the QCD calculation by Owens 

and Reya . 

P19. 18: al ; + 5 distribution for this experiment for various q2 

blms. b) Sea distribution for this experiment for 

various O2 bins. Also shown are data points from CDRS*’ 

and q PWFOR’ ’ . The dotted line is the fit with ii-a and the 

solid line is the fit ulth ;=.?!(I-r) 3.48 . 

PI9. 19: Average pT verses fr for thfs experiment compared with 

perrllab” and ISR” data. 
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Fig. 20: Diclectron yield for 400 CeV incident protons from a 

previous CFS experiment. Shown in the inset with wider 

binning 1s the dielectron spectrum compared with the 

dotted line vhich is a fit to the dimuon data from thls 

expec iment. 
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p (--j= q’=-02=(l++L-)’ 

PARTON- ANTIPARTON ANNIHILATION 

Fig. 1 
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SIDE VIEW FRONT VIEW 

STEEL MAGNET 

Fig. 4 
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APPENDIX I 

ME DATA ACQUISITION SISTFA 

Figure Al is a block dfagran of the data acquisition system. 

The system is very flerlble and allowed the trigger requtrements to 

be studied and modified as the data taking progressed. 

A. ?sst frlggcr LOcllC 

tl9ure A2 is . diagram of the fast logic. The first stage 

triggering declr%on was made by a Lecro) model 380 Wltlpllcity 

topic Qnit for each am, set to require four out of fire of Bl, C, 

U2, 03, and V4. this crudely defines l track travcrsfng the entire 

length of the em. This ~19nsl “as called T: 

We used a rultipliefty trigger rather than a coIncldcnec of all 

flrc counters so that events could be recorded in ehfch one of the 

counters felled to fire, allowing us to ronitor the efficiencies of 

the trigger countera. Typlcal T rates were 100 kRzt fndLvldua1 

tripper counter rates ranged from 0.5 to 5 PIas. 

The loose muon pair trigper was formed from the T signals of 

both arms by l LeCroy 364 MajorfLy Loqic Unit (which is capable of 

150 llflr operation) set to ho-fold eolncidencer 

rhece 0 rrters to one arm end D relets to the other. 
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Also formed was the out-of-time coincidence 

TDDAX = TU * TD delayed 

used to monitor eccldental coincidence rates; I’D delayed uas 

delayed by 57 nsec (three accelerator RF buckets) relative to TD by 

the insertion of extra cable. Tht TUD rate “as about 1 kflt, the 

TODM rate roughly half that. The TWO rate uas dominated by 

occidental tvo-srm coincidences. It counted core than TDDAX 

because the RF buckets did not all contain the seme number of 

protonsr rather, occasional buckets containing several times more 

than the everage made the probsbillty of generating l RID higher 

than the probability of genelatfng a TUDAX. TUD and TQDAX together 

enabled us to monitor the RF structure of the beam, end TDDAX 

together vIth TD and TD enabled monitoring of beam structure on a 

alover time scale. 

The N and TD signals prcscaled by 126 and the TDD signal 

generated a Trigg’er Pan In (TFI) gate for the HWPC coincidence 

registers (CR’II and triggered the DC logic. 

B-DC Losic 

The DC logic (Pig. A3) ves a sophisticated and flexible. 

general-purpose triggering systea designed by 8. Cunitr and W. 

Slppech at Columbia University’s Nevis Laboratories. Input rlgnels 

vere strobed by the TFI signal and latched, LO that further 

processing could be done with DC’levels without worrying about 

timing. Two 16-bit ‘logic bus’ crates containing logic modules had 
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these DC signals bussed along their backplanes and available to 

every module. Each module formed the ‘and. of any of the 16 bus 

8ignals or their complements (selectable by the insertion of pins) 

as well as an optional input signal from some other module. The 

outputs included a .trigger* signal and complementary logic signals 

which could be connected to other logic module inputs, as well, as an 

-inhibit input for prescaling and scaler outputs with and without 

deedt [me. The DC logic could be run vlth as little as ?OO nsec 

derdtime per m1, but since our TFI rate was so low we set it to 400 

nsec to simplify timing and to cover deadtlmes in the readout 

sy8tem. 

The TFI sI9nrl from the fast logic cue to the Trigger Cen- 

trator Input (TCI) module vhlch strobed the logic bus and hodoscqpa 

CR’s and started the DC logic Qecislon cycle. & ‘match unit’ for 

each arm ves used to discriminste against track8 originating up- 

atream of the target in vacuum vindovs etc. or downstream in the 

shielding. It looked for pairs of hodoscope elements of the form 

(Vii, VCj) which lay near the diagonal of the Vl-VI matrix (if no 

such pair of elements Kited the treck did not point back to the 

target) and #et l logic bus bit [called M) IE one was found. 

We used the DC logic to implement one main muon pair trigger 

and four study triggers, two pair end two single-arm. The pre- 

scaled study triggers required only subsets of the main muon pair 

trigger requirements In order to check the efficiency of @he 

*erlous trigger elements. 
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